Cyanobacteria are advanced prokaryotic organisms that have possible fossil records which date back 3.5 x lo9 years (28) and are considered a link between prokaryotes and photosynthetic eukaryotes (19) . These organisms are oxygenic, photosynthetic, gram-negative prokaryotes and presumably were responsible for conversion of the earth's atmosphere from anaerobic to aerobic and for the subsequent evolution of eukaryotic organisms (9).
Cyanobacteria are morphologically diverse, ranging from simple unicellular organisms to complex filamentous organisms. They are world-wide in distribution and are found in marine, aquatic, and terrestial environments, including arid and tropical acidic soils (6) . Many cyanobacteria are symbiotically associated with plants and lichens, and they can occur intracellularly in other eukaryotic organisms (21) . Members of the genera Anabaena and Nostoc are some of the most important cyanobacteria that occur in terrestrial and aquatic environments; these organisms are found as free-living forms or as cyanobionts (6, 10, 21) .
The division between the genus Anabaena and the genus Nostoc, two apparently closely related genera, is problematic because of the morphological similarities of the members of these genera. Since the first description of the genus Nostoc by Vaucher (30) and the first description of the genus Anabaena by Bory de St. Vincent (2), the correct classification of these taxa has been controversial. Specialized morphological criteria have been used to distinguish these groups, such as the (ambiguous) concept of a sheath sur-* Corresponding author. rounding the trichomes under certain conditions and the size, shape, and relative positions of vegetative cells, heterocysts, and akinetes (8, 11, 15) . Rippka et al. (22, 24) recently suggested that the developmental cycles should be used as the major criterion to differentiate the genus Nostoc from the genus Anabaena. Using DNA-DNA hybridization, Lachance (17) and Stulp and Stam (29) showed that there is a great deal of DNA-DNA diversity within the group. However, since many Nostoc isolates do not have a developmental cycle (6, 22) , new and more reliable taxonomic techniques should be explored for differentiation.
The fatty acid compositions of eubacteria (18) and microalgae (1) are generally characteristic for each species, and thus fatty acid composition is a tool that can be used for identification. The major fatty acids of cells and membranes of Anabaena spp. have been described previously (16, 25, 26) . These fatty acids include the saturated fatty acids 14:0, 16:0, and 18:O and the mono-and polyunsaturated 1 6 , 18-, and 20-carbon fatty acids and some isomers, each of which accounts for 1% or more of the total fatty acids. However, there have been few recent reports of analyses of the fatty acids of cyanobacteria, particularly analyses in which gasliquid chromatography with capillary glass columns was used, which yield highly detailed chromatograms.
In this paper we show that analysis of fatty acid compositions by gas-liquid chromatography-mass spectroscopy was a rapid and reliable method for differentiating the genus Nostoc from the genusAnabaena. In addition, we found that fatty acids that have not been reported previously in these cyanobacteria are useful as taxonomic or evolutionary markers. '' T = type strain.
' Strain ATCC 29413 is considered a member of the genus Nostoc (23; this '' This strain was originally isolated from Mucrozumiu sp., but is cultivable paper). and can survive as a free-living bacterium.
MATERIALS AND METHODS
Cultivation and isolation of cyanobacteria. Free-living cyanobacteria, 10 strains of Anabaena spp. and 10 strains of Nostoc spp. (Table l) , were grown under continuous cool white fluorescent light for 12 days at 25 2 1°C in BG-11, medium at 50 microeinsteins . mP2 . s-'.
The Anabaena isolates that were selected for this study were the available strains that were classified as members of the genus Anabaena on the basis of DNA-DNA relatedness data (29) . The Nostoc strains were selected randomly from previously characterized isolates belonging to established collections. Cells were harvested by centrifugation and stored at -20°C until they were analyzed. Prior to harvest, each culture was examined microscopically. The cultures that showed evidence of contamination were homogenized in a blender, washed three times in BG-11, medium by using centrifugation at a low speed (500 x g ) , and then centrifuged for 20 min in a 10 to 90% Percoll gradient (Sigma Chemical Co., St. Louis, Mo.) at 2,500 x g or at higher speeds, depending on the amount of mucilagenous material present in the preparation. The band containing cyanobacteria was harvested, washed two times in medium, and again examined microscopically for purity.
Fatty acid analysis. Approximately 400 to 500 mg (wet weight) of cells was saponified and esterified by adding 1 ml of 1.2 N NaOH in 50% aqueous methanol and heating the preparation for 30 min in a boiling water bath; then the mixture was combined with 0.5 ml of 6 N HCl and 1 ml of 12% boron trichloride-methanol and heated for 5 min at 85°C. The methylated acids were then extracted with 1 ml of hexane-diethyl ether (l:l), washed with 3 ml of 0.3 N NaOH, and concentrated to a volume of approximately 20 to 40 pl.
A 2 4 portion of a concentrated sample was injected into a Varian model 3700 gas chromatograph equipped with a flame ionization detector and a capillary glass column (15 m by 0.25 mm) coated with SPB-1 (Supelco, Inc.) as a nonpolar stationary phase. The operating conditions were as follows: helium carrier gas flow rate, 20 ml/min; injector temperature, 230°C; detector temperature, 250°C; initial column temperature, 130°C; final temperature, 230°C; temperature program rate, 4"C/min. Fatty acids that were between 8 and 20 carbons long were identified by cochromatographing them with reference standards. The major fatty acid peaks were confirmed with a Finnegan model 8230HR mass spectrometer. The identities of unsaturated fatty acids were confirmed chemically by hydrogenating methyl esters for 15 min, as described previously (4, 20) . Upon hydrogenation, the unsaturated acids disappeared, and corresponding increases were observed in the saturated, straight-chain analogs. The identities of hydroxy-substituted fatty acids were confirmed by trifluoroacetylation, using the method of Moss (20) . After acetylation, the retention times of the diacyl derivatives of these acids shifted when they were chromatographed. The identities of cyclopropane fatty acids were confirmed by hydrogenating and brominating methyl esters, and the cyclopropane fatty acids were rechromatographed on Chromosorb W coated with 20% diethylene glycol succinate (Supelco, Inc.) as described by Bryan and Gardner (3) . Known 17:O and 19:O cyclic fatty acids (Supelco, Inc., and Applied Science, State College, Pa.) were used as internal standards. The carbon equivalent chain length (ECL) was calculated for each peak to provide further confirmation of the identity of the compound by reference to previously published reports (12).
RESULTS
The cellular fatty acids of the free-living Nostoc and Anabaena isolates included 17 major components; the average level of each of these components (in at least one of the genera) was 0.9% or more of the total fatty acids. There were also 26 minor components (average level, at least 0.03% of the total fatty acids) and 10 trace level components (average level, 0.03% or less) ( Table 2 ). The major fatty acids included the saturated, even-carbon, straight-chain (class A) fatty acids 16:O and 18:O; unsaturated straight-chain fatty acids (class C), including 14:l cis-7, 14:l cis-9, seven unsaturated 16-carbon fatty acids (subtotals, 17.92 and 24.30% for Anabaena spp. and Nostoc spp., respectively), and four unsaturated 18-carbon fatty acids (34.44 and 37.26%, respectively); the saturated branched-chain (class E) fatty acid is0-16:O; and the unsaturated branched-chain (class G) fatty acid iso-15:l. The largest single component was 16:O; the values for this fatty acid characteristically were high for Anabaena isolates (range, 27.39 to 34.72%) and low for Nostoc isolates (range, 18.50 to 26.10%).
Among the minor components (0.03% or more of the total fatty acids in at least one of the genera) were the polyunsaturated fatty acids 12:l cis-7 (ECL 11.8), 16:4 (ECL 15.2), 19.2), 20:4 cis-8 (ECL 19.4) , and 20:2 cis-11 (ECL 19.7). These fatty acids contributed to the largest class of fatty acids in cyanobacteria, the unsaturated straight-chain fatty acids (class C) (range 55.72 to 73.20% of the total fatty acids).
The lowest averages in the fatty acid profiles of the cyanobacteria were obtained for the hydroxy-substituted fatty acids (class D) and the cyclopropane acids (class F). Mean was significantly different from the mean for Anabaena spp. as determined by the least significant difference test (P 2 0.05).
Mean was significantly different from the mean forAnabaena spp. (P 2 0.10). Unsaturated sites not determined.
' The values in parentheses are ranges. The class A fatty acids were the saturated, even-carbon, straight-chain fatty acids; the class C fatty acids were the unsaturated, straight-chain fatty acids.
' Mean was significantly different from the mean for Anabaena spp. (P 2 0.05).
Many individual constituents were detected at trace levels (close to the limits of column resolution), but their presence was confirmed chemically. The most useful factors for differentiating the two groups of cyanobacteria, in addition to the percentages of 16:0, were the class A fatty acids. The ranges of class A fatty acid levels for the Anabaena isolates and the Nostoc isolates were 29.06 to 36.61 and 21.06 to 28.62%, respectively ( Table 3) . The ratios of unsaturated fatty acids (class C) to saturated fatty acids (class A) were also significantly different in the two genera; there was no overlapping of ranges (1.52 to 2.13 for Anabaena isolates and 2.25 to 3.47 for Nostoc isolates), and the standard deviations were low. Three unsaturated fatty acids, 14:l cis-7, 16:l cis-9, and is0-15:1 , were also valuable for differentiation, as their percentages in the two genera were statistically different at the 95% level of probability.
DISCUSSION
The cyanobacterial genera Anabaena and Nostoc can be differentiated on the basis of cellular fatty acids. However, our analysis differed in some respects from the analyses performed by other investigators (16, 25, 26) . The most obvious difference was our use of several chemical classes of fatty acids that have not been used previously for the genera Anabaena or Nostoc, including saturated odd-carbon, hydroxy-substituted, branched-chain, cyclopropane, and unsaturated branched-chain fatty acids. These classes account for 6.8% of the total fatty acids. Other differences were our higher values for 16:O (average in Anabaena isolates, 30.55%) compared with previously published values (18.3 to  23.2%) , and our lower totals for unsaturated fatty acid contents (59.21%, compared with at least 76% in all other reports [16, 25, 261) . These differences resulted in significantly dissimilar ratios of saturated fatty acids (classes A and B) to unsaturated fatty acids (class C) (0.56 for our data and less than 0.3 for data in other reports).
Many of these discrepancies may be explained by differences in experimental conditions. Cells in other studies were cultured at 38°C and in atmospheres enriched with carbon dioxide and were harvested generally at the log phase of growth. In our study, cells were grown in air at 25°C and were harvested at the late log phase. Regarding illumination, Sat0 and Murata (27) showed that high illumination during growth stimulated the desaturation of 18:l to 18:2 and the desaturation of 18:2 to 18:3 in "Anabaena variabilis" (27) . Thus, our lower levels of unsaturated fatty acids could be attributed in part to lower illumination levels. High temperatures, such as those used in the other studies, also induce desaturation of 16: 0, 18:1, and 18:2 (27) .
Fatty acid composition can also be affected by differentiation of vegetative cells (into heterocysts, akinetes, and hormogonia), by physiological age, and by growth conditions that are either photoautotrophic, mixed, or heterotrophic ( 6 ) . Thus, in order to obtain reproducible data, samples to be compared should be grown under the same environmental conditions and in the same medium and be at comparable physiological ages.
Significant taxonomic distinctions between groups of bacteria are generally reflected in the composition of cellular fatty acids (18). This is true of Anabaena and Nostoc isolates, in which basic compositional differences could be demonstrated, particularly in the physiologically important ratios of saturated fatty acids to unsaturated fatty acids. A rapid key for differentiation would be the percentage of 16:O (more than 27% for Anabaena spp. and less than 27% for Nostoc spp.). These data are in agreement with the results of other workers (16, 25, 26) , who found that the values reported for 16:O (18.0 to 20.4%) in isolates that were originally identified or subsequently reclassified as Nostoc spp. (24) were consistent with such a separation. In addition, a more stringent algorithm for separation of the genera Anabaena and Nostoc, and perhaps separation of strains within the groups, may be constructed from our data by combining all of the factors that are significantly different, including the levels of 14:l cis-7, is0-15:1, and 16:l cis-9. Such an algorithm may be the percentage of 16:O divided by the ratio of class C fatty acids to class A fatty acids and may assist in the segregation of larger groups of isolates.
A practical ramification of this analysis is the prospect of rapid screening of Nostoc and Anabaena isolates prior to detailed morphological studies, particularly since hormogonia are not always formed in Nostoc spp. (6, 22) . Furthermore, fatty acid profiles of representatives of all five orders of cyanobacteria might be developed for rapid identification. Of equal significance is the possibility that precise fatty acid profiles might be used to confirm identifications made on the basis of morphological criteria.
Our isolate of Anabaena variabilis, strain ATTC 29413 (= PCC 7937 = UTEX 1444), had a fatty acid profile that is typical of Nostoc spp., as shown in Table 3 ; the level of 16:O was 22.54% of the total fatty acids, the level of all class A fatty acids was 23.8%, and the ratio of class C fatty acids to class A fatty acids was 2.79. These parameters confirm that this cyanobacterium is a typical Nostoc isolate. Furthermore, Anabaena variabilis produces hormogonia, a morphological feature that is typical of Nostoc spp. (23) . On the basis of the developmental cycle and fatty acid profile, we suggest that this organism should be reclassified as Nostoc variabilis.
Another problematic isolate was Nostoc sp. strain ATCC 27895 (= PCC 6720), which was originally identified as Anabaenopsis circularis (31) and was placed in the genus Nostoc by Rippka et al. (24) on the basis of its life cycle. Castenholz placed this organism in the genus Anabaena as a result of a reclassification of the genus Anabaenopsis (5). However, fatty acid composition (16:0,22.36%; class A fatty acids, 23.75%; ratio of class C fatty acids to class A fatty acids, 3.02) placed it in the genus Nostoc rather than the genus Anabaena, in agreement with Rippka et al. (24) . We suggest that the entire Anabaenopsis group should be reexamined member by member to confirm the proper classification of these organisms.
Polyunsaturated fatty acids have been considered to be rare or absent in prokaryotic bacteria. However, in the oxygenic photosynthesizing members of the genera Nostoc and Anabaena, the polyunsaturated fatty acids 18:2 and 18:3 are predominant constituents, as they are in chloroplasts of algae and higher plants (13). The polyunsaturated fatty acids 20:2 and 20:4 are also present in smaller quantities in Anabaena and Nostoc isolates. The only other bacterial groups that have been reported to contain polyunsaturated fatty acids are Flexibacter sp. (14) and Vibrio marinus (7) .
Fatty acid analysis is a valuable chemotaxonomic tool, as shown by the diffexentiation of the genera Anabaena and Nostoc. The fatty acid composition and relative percentages of individual components in each genus could reflect evolutionary changes and metabolic and biochemical processes in cyanobacteria.
